Introduction
Cardiac fibrosis is a cardiac pathological response and often occurs in combination with diverse forms of heart diseases, including myocardial infarction, cardiac hypertrophy, heart failure, and severe arrhythmia (1, 2) . Cardiac fibrosis is characterized by massive deposition of extracellular matrix (ECM) proteins mainly produced by cardiac fibroblasts and its differentiated phenotype, myofibroblasts (3) . Being the predominant cell type in the heart, up to 65% of total cell numbers (4) , cardiac fibroblasts have been demonstrated to contribute greatly to cardiac fibrosis-related diseases (5) . Various deleterious stimuli can promote cardiac fibroblasts to proliferate, migrate, and undergo functional changes, including differentiation into myofibroblasts, production of ECM proteins, and release of cytokines and growth factors, which in turn further stimulates cardiac fibroblasts, leading to persistent fibrosis (6) . Irrespective of the initial stimuli, cardiac fibroblasts are the determinant contributor in cardiac fibrosis.
It is well known that reactive oxygen species (ROS) play a pivotal role in regulating a broad range of cellular April 14, 2014 Abstract. Transient receptor potential melastatin 7 (TRPM7), a Ca
2+
-nonselective cation channel, plays a key role in the pathophysiological response of multiple cell types. However, the role of TRPM7 channels in hydrogen peroxide (H 2 O 2 )-induced cardiac fibrosis remains unclear. This study aimed to explore whether TRPM7 channels are involved in H 2 O 2 -induced cardiac fibrosis and the underlying mechanisms. Our results showed that 2-aminoethoxydiphenylborate (2-APB), which is commonly used to block TRPM7 channels, inhibited H 2 O 2 -induced cardiac fibrosis via attenuating the overexpression of important fibrogenic biomarkers and growth factors in cardiac fibroblasts, including collagen type I (Col I), fibronectin (FN), smooth muscle a-actin (a-SMA), connective tissue growth factor (CTGF), and transforming growth factor-b1 (TGF-b1 In this pursuit, TRPM7 emerged as a potential candidate. TRPM7, a member of the TRP superfamily, is a Ca 2+ -permeable nonselective cation channel, which also possesses kinase function (13) . Studies have shown that TRPM7 channels greatly participated in anoxia-induced neuronal death (14) and angiotensin II-induced phenotype switching of vascular smooth muscle cells (15) . Meanwhile, TRPM7 channels have been reported to be the major Ca 2+ -permeable channel in human atrial fibroblasts. Although TRPM7-mediated Ca 2+ influx appears to be crucial in the function of cardiac fibroblasts (16) , it remains unknown whether TRPM7 channels contribute to H 2 O 2 -induced cardiac fibrosis. Therefore, the present studies aimed to evaluate the effect of TRPM7 channels on H 2 O 2 -mediated cardiac fibrosis and explore the potential mechanisms in cardiac fibroblasts. For this purpose, we investigated the effect of 2-APB, which is used to block TRPM7 channels, and silencing TRPM7 on H 2 O 2 -induced cardiac fibrosis, increase of [Ca 2+ ] i , and phosphorylation of ERK1/2 in cardiac fibroblasts.
Materials and Methods

Materials
H 2 O 2 and 2-APB were from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM) without calcium or magnesium was from HyClone (Logan, UT, USA). Other chemicals and reagents were all from Sigma-Aldrich unless otherwise indicated.
Isolation of primary cardiac fibroblasts
The protocol for the use of animals was according to the Guidelines of Animal Experiments from Ethical Committee for Animal Research of Sun Yat-sen University.
Primary cardiac fibroblasts were prepared as described previously (17) . Briefly, hearts were rapidly removed from the decapitated adult male Sprague Dawley rats (Laboratory Animal Center of Sun Yat-sen University, Guangzhou, China) (150 -200 g) and were cut into 1-mm 3 volume pieces in cold DMEM (GIBCO, Grand Island, NY, USA). Then these heart pieces were digested with incubation of 0.1% collagenase II (GIBCO) for 30 min at 37°C for 3 times. After each digestion, the cell suspension was collected and centrifuged. Then we resuspended the cell pellet with DMEM containing 10% fetal bovine serum (GIBCO), and the cell suspension was plated in a culture flask for incubation. After 1-h incubation, the culture medium was changed with the fresh one to remove non-adhered cells. The attached cells were cultured in a humidified atmosphere of 5% CO 2 at 37°C. Passages 2 -4 were used for experiments.
Analysis of Col I production
Cardiac fibroblasts were treated with H 2 O 2 (100 mM) for 6 h in the presence or absence of 2-APB or knockdown of TRPM7 channels. Then the Col I levels in the culture medium produced by cardiac fibroblasts were determined with a rat Col I enzyme-linked immunosorbent assay (ELISA) assay kit (NANJINGJIANCHENG, Nanjing, China) according to the manufacturer's instructions.
Western blotting
Total protein extraction and analysis from cardiac fibroblasts were performed as we described previously (17) . Briefly, total protein was extracted by using RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF). Total protein content was determined by using the BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Protein samples (20 mg/lane) were separated on an 8% SDS-PAGE gel and electrotransfered onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Nonspecific binding sites were blocked with 5% skimmed milk in Tris-buffered saline solution-Tween 20 (TBST) for 90 min at room temperature. Then the membranes were incubated with primary antibodies of anti-FN (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), antia-SMA (1:1,000, Sigma-Aldrich), anti-CTGF (1:500, Santa Cruz Biotechnology), anti-TGF-b1(1:1,000, Cell Signaling Technology, Beverly, MA, USA), anti-TRPM7 (1:1,000, Abcam, Cambridge, UK), anti-ERK1/2 (1:1,000, Cell Signaling Technology), anti-phosphorylated ERK1/2 (1:1,000, Cell Signaling Technology), and anti-a-tubulin (1:10,000, Sigma-Aldrich) overnight at 4°C. Then washed membranes were incubated with horseradish peroxidase (HRP)-labeled secondary antibodies (1:10,000, Santa Cruz Biotechnology) for 1 h at room temperature. Immunoreactive bands were detected with the Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific) and the intensity of protein bands was analyzed by using Quantity One (Bio-Rad Laboratories, Hercules, CA, USA) software. The band of a-tubulin was used as the internal control to normalize the protein loading. 
Measurement of [Ca
RNA interference
Lentiviral vectors carrying short hairpin RNA (shRNA)-RFP (hU6-MCS-CMV-RFP) for silencing rat TRPM7 were synthesized and packaged by GeneChem, Inc (Shanghai, China). Sequences identical to rat TRPM7 (Gene ID 679906), but different from other sequences in GenBank TM were used. The sequences of annealed double strand shRNA used for silencing TRPM7 were 5′-AACCGGAGGTCAGGTCGAAAT-3′ and the sequences of control shRNA used for negative control were 5′-TTCTCCGAACGTGTCACGT-3′. We got the multiplicity of infection value (MOI = 50) of lentivirus carrying shRNA from the preliminary experiment. One day after seeding, we added lentivirus to cells seeded in 6-well plates (4 × 10 4 cells/well) to incubate for 12 h, and then the cell medium was changed to fresh medium. After 4 -5 days, the infection efficiency of the lentivirus was detected by using a fluorescence microscope. Gene silencing of TRPM7 was monitored at the protein level by western blotting.
Statistical analysis
Data were expressed as the mean ± S.E.M. Groups were compared using one-way analyses of variance (ANOVA) with Bonferroni's test or Student's t-test as appropriate. A two-tailed P < 0.05 was taken to indicate a statistically significant difference. Calculations were performed by the GraphPad Prism program (GraphPad Software, Inc., San Diego, CA, USA).
Results
2-APB inhibited the overexpression of Col I, FN, and a-SMA induced by H 2 O 2 in cardiac fibroblasts
As the principal constituent of ECM proteins, Col I is considered as one of the most important biomarkers of cardiac fibrosis (18) . FN belongs to adhesive proteins and is also an important component of ECM proteins. Cytoskeletal protein a-SMA is the indicator of fibroblasts differentiating into myofibroblasts, which obtain a greater capability to produce ECM proteins and play a vital role in perpetual matrix forma tion (18, 19) . To investigate whether 2-APB, which is used to inhibit TRPM7 channels, affects the biomarkers of cardiac fibrosis, we examined the expression of Col I, FN, and a-SMA under H 2 O 2 stimulation by using western blot or ELISA assay analysis. We found that, compared to the control group, H 2 O 2 (100 mM) treatment for 6 h greatly enhanced the production of Col I, FN, and a-SMA in cardiac fibroblasts (P < 0.05). However, H 2 O 2 -induced overexpression of Col I, FN, and a-SMA was significantly reduced by the treatment of 2-APB (50 mM) (P < 0.05). 2-APB alone has no effect on the expression of Col I, FN, and a-SMA (Fig. 1 ).
2-APB inhibited H 2 O 2 -induced upregulation of fibrogenic growth factor CTGF and TGF-b1 in cardiac fibroblasts
Fibrogenic growth factors, including CTGF and TGFb1, greatly participate in the modulation of ECM proteins homeostasis and cardiac fibrogenic processes, which are considered as the critical stimulators of cardiac fibrosis (20, 21) . To further determine the effect of 2-APB on cardiac fibrogenesis, we examined the expression of CTGF and TGF-b1 under H 2 O 2 stimulation by using western blot analysis. We found that, compared to the control group, H 2 O 2 (100 mM) treatment for 6 h greatly enhanced the expression of CTGF and TGF-b1 in cardiac fibroblasts (P < 0.05). However, H 2 O 2 -induced upregulation of CTGF and TGF-b1 was significantly reduced by the treatment of 2-APB (50 mM) (P < 0.05). 2-APB alone has no effect on the expression of CTGF and TGF-b1 (Fig. 2) . and a-SMA in cardiac fibroblasts. Cardiac fibroblasts were treated with H2O2 (100 mM) and/or 2-APB (50 mM, 1 h prior to H2O2 stimulation) for 6 h. The production of Col I (A) was analyzed by ELISA assay, and the protein expressions of FN (B) and a-SMA (C) were measured by western blot analysis. The summary results were from 3 independent experiments. Data was expressed as mean ± S.E.M. *P < 0.05 vs. control, # P < 0.05 vs. H2O2.
Fig. 2. Effects of 2-APB on H2O2-induced upregulation of CTGF and TGF-b1
in cardiac fibroblasts. Cardiac fibroblasts were treated with H2O2 (100 mM) and/or 2-APB (50 mM, 1 h prior to H2O2 stimulation) for 6 h. The protein expressions of CTGF (A) and TGF-b1 (B) were measured by western blot analysis. The summary results were from 3 independent experiments. Data were expressed as the mean ± S.E.M. *P < 0.05 vs. control, # P < 0.05 vs. H2O2. ] i . As shown in Fig. 3 , compared to the blank group, the brief exposure of cardiac fibroblasts to 100 mM H 2 O 2 elicited an obvious increase of [Ca 2+ ] i fluorescent intensity (P < 0.05), while pretreatment with 50 mM 2-APB significantly attenuated the increase induced by H 2 O 2 (P < 0.05).
Pretreatment with 2-APB reduced
Silencing TRPM7 suppressed H 2 O 2 -induced over expression of Col I, FN, a-SMA, CTGF, and TGF-b1 in cardiac fibroblasts
To confirm the role of TRPM7 in H 2 O 2 -induced cardiac fibrogenesis, we investigated the effect of knocking down TRPM7 on the expression of Col I, FN, a-SMA, CTGF, and TGF-b1. We first tested the efficiency of knocking-down TRPM7 by using western blot analysis. As shown in Fig. 4A , there is no difference in the TRPM7 expression between control shRNA and blank group cells. TRPM7 expression decreased in TRPM7-shRNA cells by 80% compared to the control shRNA group (P < 0.05). In the next experiment, we found that compared to the control shRNA group, the upregulation of Col I, FN, a-SMA, CTGF, and TGF-b1 induced by H 2 O 2 (100 mM) was significantly attenuated (P < 0.05). Silencing TRPM7 alone had no effects on the basal expression of Col I, FN, a-SMA, CTGF, and TGF-b1 (Fig. 4: B -D and Fig. 5 ] i was dramatically decreased (P < 0.05).
Silencing TRPM7 and Ca 2+ free culture impaired H 2 O 2 -induced phosphorylation of ERK1/2
Channel function for sustained phosphorylation of ERK1/2 is required for TRPM7-regulating cell behaviors (24, 25) . Meanwhile, extensive evidence has shown that ERK1/2 is significantly activated after various types of stimulation and subsequent cardiac fibrosis (26) . To investigate how TRPM7-mediated Ca 2+ influx transforms forward following cell signals, we tested the effect of silencing TRPM7 and Ca 2+ -free culture on the phosphorylation levels of ERK1/2 induced by H 2 O 2 . We found that H 2 O 2 (100 mM) stimulation for 30 min triggered a robust phosphorylation of ERK1/2 (P < 0.05). However, knockdown of TRPM7 and Ca 2+ -free culture largely impaired H 2 O 2 -induced phosphorylation of ERK1/2 (P < 0.05) (Fig. 7) .
Discussion
Cardiac fibrosis can block cardiac conduction and impair heart contractile performance, which has been a fundamental component of diverse cardiac pathology. Extensive evidence has shown that there is a welldocumented association of Ca 2+ and cardiac fibrosis (6, 27) . Intervention and modulation of Ca 2+ channels and Ca
2+
-related protein has been reported have antifibrosis effects (28, 29) . Although the expression of some TRP channels can be detected by using RT-PCR and appears to be associated with cardiac fibrosis, many of them cannot be detected by using electrophysiological recordings (6, 30) . Du and colleagues have found that silencing TRPM7 greatly diminishes the endogenous TRPM7 currents and Ca 2+ influx, which impairs the sensitivity of human atrial fibroblasts to TGF-b1-induced proliferation and differentiation. TRPM7-mediated Ca 2+ influx contributes greatly to cardiac fibrogenesis (16) . However, the role of TRPM7 channels in H 2 O 2 -induced cardiac fibrosis remains unknown. This study examines whether TRPM7 channels contribute to cardiac fibrosis and whether the contribution of TRPM7 channels is connected with their Ca 2+ -permeable function. Our findings revealed that the blockade of TRPM7 with 2-APB resulted in the inhibition of H 2 O 2 -induced cardiac fibrosis in vitro. TRPM7 channels have been shown to be associated with cell proliferation and fibrosis in different cell types, and the blockade of TRPM7 with 2-APB or knockdown of TRPM7 has restrained the proliferation and fibrosis of the activated cells (31, 32) . In the present study, 2-APB greatly inhibited H 2 O 2 -induced overexpression of ECM proteins and differentiation of cardiac fibroblasts by measuring the expressions of Col I, FN, and a-SMA (Fig. 1) . Meanwhile, H 2 O 2 -induced rise of fibrogenic cytokines, including CTGF and TGF-b1, was also inhibited in cardiac fibroblasts that were exposed to 2-APB (Fig. 2) . These findings indicate that TRPM7 channels contribute to cardiac fibrosis and the blockade of TRPM7 inhibits the induction of ECM proteins and fibrogenic factors in cardiac fibroblasts.
Given that 2-APB was used to block TRPM7 channels, we further examined the effect of 2-APB on H 2 O 2 - ] i induced by H 2 O 2 in cardiac fibroblasts. One of our previous studies has shown that nifedipine and verapamil, classical blockers of L-type calcium channels, had no effect on angiotensin II-induced elevation of [Ca 2+ ] i in cardiac fibroblasts (33) , indicating some channels other than voltage-dependent calcium channels may contribute to the increase of [Ca 2+ ] i in cardiac fibroblasts and resultant fibrosis. Furthermore, our recent studies have demonstrated that TRPM7 is involved in angiotensin II-induced cardiac fibrosis by mediating calcium influx in cardiac fibroblasts (34) . These findings indicate that TRPM7-mediated Ca 2+ influx plays a crucial role in myocardial fibrogenesis.
However, 2-APB is not a specific inhibitor of TRPM7 channels, which also plays an extensive role in calcium modulation (35) . We need to further identify the involvement of TRPM7 channels in H 2 O 2 -induced cardiac fibrosis. In our following experiment, as we postulated, silencing TRPM7 channels by shRNA interference greatly restrained the overexpression of Col I, FN, a-SMA, CTGF, and TGF-b1 and decreased the elevation of [Ca 2+ ] i induced by H 2 O 2 in cardiac fibroblasts (Figs.  4 -6 ). This study first demonstrated the direct contribution of TRPM7 in H 2 O 2 -induced cardiac fibrosis, and modulation of Ca 2+ influx may be important for the participation of TRPM7 in H 2 O 2 -induced fibrosis in cardiac fibroblasts.
It has been well established that the ERK1/2 signaling pathway is significantly activated following stimulation and subsequently promotes cardiac fibrosis (26). Gu's work has shown that ERK1/2 is directly involved in angiotensin II-induced CTGF expression in atrial fibroblasts (36) . Channel function for continuing activation of ERK1/2 pathways is necessary for TRPM7 to regulate cell functions (15, 32 ] i initiates the reaction cascades and activates MAP3Ks, subsequently phosphorylating the MAP2Ks that function as dedicated kinases for ERK1/2 phosphorylation (37) . Our results showed that silencing TRPM7 channels greatly decreased H 2 O 2 -induced phosphorylation of ERK1/2 (Fig. 7A) . Furthermore, H 2 O 2 -mediated activation of ERK1/2 also significantly decreased in calcium-free media, indicating the contribution of the Ca 2+ -permeable function of TRPM7 channels to the activation of ERK1/2 (Fig. 7B) . These findings suggest that the inhibition of TRPM7 channels suppressed H 2 O 2 -induced Ca 2+ influx, consequently restraining the initiation of cardiac fibrogenic reactions.
In conclusion, our present study demonstrated that TRPM7 channels are involved in H 2 O 2 -induced cardiac fibrosis at least partly by mediating Ca 2+ influx and consequent activation of ERK1/2. This study provides a better understanding of the potential roles of TRPM7 channels in the development of cardiac fibrosis, and suggests that TRPM7 channels can be further evaluated as a therapeutic target in cardiac fibrosis. free culture media. The summary results were from 3 independent experiments. Data were expressed as the mean ± S.E.M. *P < 0.05 vs. control, # P < 0.05 vs. H2O2.
